Background: Seven structurally related b-lactamase-producing plasmids have been characterized in penicillinase-producing Neisseria gonorrhoeae (PPNG) isolates. We characterized a variant (i.e. pJRD20, Canada type) of the Africa-type (pJD5) plasmid isolated from N. gonorrhoeae strain 8903.
Introduction b-Lactamase-producing plasmids were first isolated from Neisseria gonorrhoeae in 1975 and are one of the main causes of penicillin resistance in this organism. 1 Penicillinase-producing N. gonorrhoeae (PPNG) plasmids are named according to their first source of geographic isolation, i.e. Asia (7426 bp), Africa (5599 bp), Toronto/Rio (5154 bp), Nimes (6798 bp), New Zealand (9309 bp), Johannesburg (4865 bp) and Australia (3269 bp) plasmid types. 2, 3 The Asia, Africa and Toronto/Rio plasmid types have been associated with epidemic outbreaks, while the other plasmid types have been isolated sporadically. 4 The structural diversity of b-lactamase-producing plasmids of N. gonorrhoeae is attributed to the presence of repeat sequences involved in DNA rearrangements, such as duplications and deletions. 5 The plasmids are all related structurally to the Asia-type plasmid, with Africa-, Toronto/Rioand Johannesburg-types being unique deletion derivatives, the New Zealand-type plasmid an insertion derivative and the Nimestype plasmid both a deletion and insertion derivative. [6] [7] [8] [9] In N. gonorrhoeae, most penicillinase-producing plasmids carry a bla TEM-1 gene, with bla TEM-135 being the most common variant.
1,2,7,10-14 bla TEM-1 is found in the ancestral Asia-type plasmid, while some strains of Asia-, Africa-, Toronto/Rio-and Australiantype plasmids can carry bla . 7, 15, 16 Diversity in TEM b-lactamases arises through SNPs.
14 TEM-135 differs from TEM-1 by one SNP (M182T, position 539 in the bla TEM gene). 15, 16 TEM-220, isolated from Toronto/Rio-type plasmids, differs from TEM-135 by one additional SNP (A185T, position 547 in the bla TEM gene). 3, 17 In addition, four novel amino acid substitutions (P14T, P14S, E110K and G228S) have been identified in TEM of Asia-and Africa-type blactamase-producing plasmids; however, allele numbers have not been assigned. 7 With the selective pressure exerted by the use of extended-spectrum cephalosporins (ESCs) to treat gonococcal infections, a concern is that bla TEM- 135 or bla TEM-220 may acquire additional mutations thereby evolving to encode an ESBL. 3, 17 Such an enzyme would be capable of hydrolysing all extendedspectrum cephalosporins, including ceftriaxone, potentially leading to untreatable gonorrhoea infections. 7, 11, 14, 18, 19 We have characterized a novel b-lactamase-producing plasmid from a strain of N. gonorrhoeae (i.e. 8903) with an intermediate MIC of penicillin and in which b-lactamase production is delayed significantly. We compared the DNA sequence of this plasmid, which we named pJRD20 (Canada-type), with that of pJD4 (Asiatype) and pJD5 (Africa-type), and determined that pJRD20 is identical to pJD5 except for a 6 bp deletion starting at the G of the ATG start codon of bla TEM-1 . 2, 5 The DNA sequence of bla TEM-1 and the structural features of the TEM-1 b-lactamase were investigated to ascertain the effects of the 6 bp deletion on protein expression and b-lactamase activity. We confirmed that a truncated 24 kDa TEM-1 penicillinase using an alternative downstream ATG start site was produced (i.e. TEM-1 S-ATG ; where 'S' stand for short) and that this protein hydrolysed ampicillin more slowly than the TEM-1 blactamase.
Materials and methods

Bacterial strains and plasmids
N. gonorrhoeae 8903 was isolated in 1992 as part of the Gonococcal Antimicrobial Surveillance Program (GASP) in Canada. WHO strains O and F were used as positive and negative controls for b-lactamase production, respectively. N. gonorrhoeae F62, 20 WHO O and WHO F were cultured on GC medium base (BD Bioscience, Mississauga ON, Canada) supplemented with 1% Kellogg's defined supplement (GCMBK) and incubated at 37 C, with 5%-7% CO 2 , in a humid environment, for 18-24 h. 21, 22 N. gonorrhoeae 8903 was grown on GCMBK supplemented with 0.125 mg/L ampicillin. Escherichia coli strains DH5a and C600, previously transformed with pJD4 and pJD5, respectively, were grown overnight at 37 C on LB agar with 10 mg/L ampicillin. 23 
MIC determination and detection of b-lactamase activity
MICs and breakpoint interpretations of penicillin, tetracycline, spectinomycin, ceftriaxone, ciprofloxacin, erythromycin, gentamicin and azithromycin (Sigma-Aldrich, Milwaukee WI, USA) were ascertained using agar dilution and Etest (BioMérieux, St Laurent QC, Canada) as described by the CLSI. 22 b-Lactamase production was detected using nitrocefin discs (Sigma-Aldrich) and a liquid assay using nitrocefin powder (Sigma-Aldrich), as described by the manufacturer. A red colour indicated positive activity as compared with the control.
Plasmid isolation and sequencing
Plasmid DNA from N. gonorrhoeae 8903, grown overnight on GCMBK supplemented with 0.125 mg/L ampicillin, and E. coli strains DH5a (pJD4) and C600 (pJD5), which were grown overnight on LB agar in the presence of 10 mg/L ampicillin, was isolated using the GeneJET Plasmid Miniprep Kit (Thermo Fisher Scientific, Edmonton AB, Canada). Plasmid content was verified by agarose gel electrophoresis, and DNA concentration was measured using a Nanodrop 1000 Spectrophotometer (Thermo Fisher Scientific). Plasmid DNA sequencing and assembly were performed at the Center for Computational and Integrative Biology (CCIB) DNA Core Facility at the Massachusetts General Hospital (MGH), Cambridge, MA, USA. Briefly, Illumina-compatible adaptors with unique barcodes were ligated onto the sample during library construction. Libraries were sequenced on an Illumina MiSeq platform with 2%150 run parameters.
Transformation of N. gonorrhoeae and E. coli with pJRD20
For N. gonorrhoeae F62 transformations, pJRD20 DNA (1 lg) was mixed with recipient cells and liquid transformations were performed as described previously. 24 E. coli DH5a transformations were modified as follows. 25 Circular pJRD20 DNA was mixed with E. coli DH5a competent cells and heat-shocked at 42 C for 30 s. Transformants were grown overnight at 37 C on LB agar supplemented with 0.125 mg/L ampicillin. Plasmid DNA was extracted from N. gonorrhoeae and E. coli transformants as described above. bla TEM genes were PCR amplified using tem1 primers (synthesized at Invitrogen, Carlsbad, CA, USA) 26 and amplicons were sequenced (Eurofins Genomics; Toronto ON, Canada) using the same primers.
DNA sequence analysis
Plasmids were assembled using MGH CCIB's de novo assembler UltraCycler v1.0 (7 September 2017, Seed B and Wang H, unpublished data). Once the assembly outputs were manually inspected and passed quality control standards, results were downloaded. Full-length genomic sequences of pJD4, pJD5 and JRD20 assembled plasmids were aligned in Jalview 27 using the ClustalW algorithm (with default parameters). 28 The complete nucleotide sequence of E. coli KWB5 bla TEM-1 (KY466951.1) was downloaded from the National Center for Biotechnology Information (NCBI) nucleotide database using the search term 'bla TEM-1 '. This sequence was aligned against pJD4 and pJD5 nucleotide sequences using the blastn program in ncbiblast v2.6.0! (default parameters). 29 The bla TEM-1 hit regions from pJD4, pJD5 and pJRD20 were extracted using the extractseq command from EMBOSS-6.6.0. 30 Multiple sequence alignments for pJD4, pJD5 and pJRD20 bla TEM-1 were performed in jalview using the ClustalW algorithm with default parameters. The aligned nucleotide sequences also included 100 bp upstream of bla TEM-1 . The bla TEM-1 sequences on pJD5 and pJRD20 were examined both computationally and manually with DNAMAN software (v9 with default parameters, Lynnon Corp). Computational prediction 31 identified an alternative GTG start codon (position 179; translated as fMet) 32 that would encode a truncated TEM. Since automatic genome annotations and gene prediction have limitations, 33 the sequence was also examined manually and a second possible start codon, ATG at position 290 in pJRD20 bla TEM-1 , was identified and curated. 34 ORFs were predicted using the getorf (with parameters '-table 11' and '-minsize 150') command from EMBOSS-6.6.0. 30 Functional annotations of predicted ORFs were performed using Blast2GO standalone version. 35 To confirm the novelty of the 6 bp deletion in pJRD20, its TEM-1 b-lactamase sequence was aligned against all available (total 215) TEM 
Structural analysis and molecular docking
Three-dimensional homology models of TEM-1 b-lactamase from pJD5 and pJRD20 were built using modeller v9.19. 36 The TEM-1 sequences were used as queries against the Protein Databank (pdb) using blastp at the NCBI blast (https://blast.ncbi.nlm.nih.gov/Blast.cgi?). The top hits showing .90% sequence identity with the TEM-1 b-lactamase were used to build a profile (build_profile.py) in modeller (Supplementary Methods, available as Supplementary data at JAC Online). After examining the profile build outputs, the best template was selected based on the quality of crystallographic resolution. Following the construction of target-template alignments, homology models were built in modeller and the resulting structures were evaluated based on the best Discrete Optimized Protein Energy (DOPE) score. To assess the effect of the novel deletion in pJRD20, the protein binding affinity of TEM-1 b-lactamase was determined and molecular docking of the modelled structure with penicillin was performed in silico using AutoDockTools 4.2 (Supplementary Methods). 37 The PubChem database 38 was used to download the Penicillin G (PNN) ligand
Western blot analysis N. gonorrhoeae 8903 (pJRD20), N. gonorrhoeae FA1090 (negative control), E. coli DH5a (pJD4) and E. coli C600 (pJD5) were collected from overnight growth on GCMBK or LB agar and lysed with RIPA lysis buffer (Santa Cruz Biotechnology, Mississauga, ON, Canada) in the presence of Halt protease and Halt phosphatase inhibitors (Thermo Fisher). Protein concentrations were measured using a Pierce BCA Protein assay kit (Thermo Fisher), and volumes loaded onto 6% or 15% SDS-PAGE gels were modified accordingly. The membrane was incubated in anti-b-lactamase monoclonal mouse primary antibody (specific for TEM b-lactamases; Abcam ab12251, Toronto ON, Canada) overnight at 4 C, and subsequently in IRDye 800CW antimouse secondary antibody (Mandel Scientific LIC926-32210, Guelph ON, Canada) for 1 h. Bands were visualized using Odyssey CLX (LI-COR Mandel Scientific).
Protein identification by MS
Protein identification by MS was done as described in Brandt et al.
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(Supplementary Methods). Briefly, protein bands of interest were excised from the gel, de-stained and digested with trypsin. LC-MS/MS analysis of tryptic peptides was performed using an Agilent 6550 iFunnel quadrupole time-of-flight (QTOF) mass spectrometer equipped with an Agilent 1260 series LC instrument and an Agilent Chip Cube LC-MS interface (Agilent Technologies, Mississauga ON, Canada). Chromatographic peptide separation was accomplished using a high-capacity Agilent HPLC Polaris Chip and a linear gradient solvent system consisting of formic acid, water and acetonitrile. Positive-ion electrospray tandem mass spectral data were collected over a mass range of 50-1700 mass/charge. MS/MS spectral data were extracted from raw data and processed against the concatenated SwissProt N. gonorrhoeae database (UniProt release 2018_08), using Spectrum Mill (Agilent Technologies) as the database search engine. Spectrum Mill validation was performed at peptide and protein levels (1% false discovery rate).
Hydrolysis assays
To examine ampicillin degradation by truncated TEM-1 S-ATG in pJRD20 as compared with pJD5 TEM-1 b-lactamase, ampicillin hydrolysis assays were performed using LC-MS analysis as described in the Supplementary Methods.
Nucleotide sequence accession number
The DNA sequences of pJD5 and pJRD20 with annotations have been submitted to GenBank under accession numbers MH140435 and MH140434, respectively. The sequence of pJD4 had been submitted previously (U20374).
Results
An intermediate MIC and slow b-lactamase activity observed in pJRD20
The median MICs against N. gonorrhoeae 8903 harbouring pJRD20 were (mg/L): penicillin 0.125, tetracycline 0.5, ciprofloxacin 0.003, ceftriaxone ,0.016, azithromycin 0.047, erythromycin 0.19, spectinomycin 12 and gentamicin 4.
The positive control N. gonorrhoeae WHO O produced a proper colour reaction (yellow to red) instantaneously when tested for blactamase activity using nitrocefin. N. gonorrhoeae WHO F (negative control) did not show b-lactamase activity. N. gonorrhoeae 8903 was positive for b-lactamase activity after 35 min. When E. coli DH5a was transformed with pJRD20, slow b-lactamase activity (4 h) was observed as compared with N. gonorrhoeae 8903. N. gonorrhoeae F62 transformed with pJRD20 resulted in significantly slower b-lactamase activity (.6 h).
pJRD20 has a novel 6 bp deletion starting at the G of the ATG start codon of bla TEM-1
As compared with pJD4, an identical deletion of 1828 bp (coordinates 2942-4770 bp in pJD4; Figure 1a ) is present in both pJRD20 and pJD5. 5 In addition, pJRD20 has a novel 6 bp deletion from position 5389 to 5394 bp [coordinates 7225-7230 bp (GAGTAT) in pJD4; encodes Met, Ser and Ile; Figure 1a] . The bla TEM-1 regions were extracted from assembled plasmid sequences and the location of the 6 bp deletion was confirmed through multiple sequence alignments of bla TEM-1 from the three plasmids. Multiple sequence alignment of the pJRD20 bla TEM-1 sequence with bla TEM-1 (KY466951.1), bla TEM-135 (GQ896333.1) and bla TEM-220 (KM998962) sequences confirmed that pJRD20 carries bla TEM-1 with a 6 bp deletion which starts at the G of the ATG start codon. To confirm the novelty of the pJRD20 6 bp deletion at the protein level, the pJRD20 TEM-1 b-lactamase was compared with the publicly available list of 215 TEM b-lactamase sequences (Lahey clinic website and NCBI). The novel 6 bp deletion in pJRD20 TEM-1 b-lactamase has not been reported previously in any other TEM b-lactamase. Multiple sequence alignment of the pJRD20 TEM-1 b-lactamase with TEM-1 (NP_052173.1), TEM-135 (ACX46122.1) and TEM-220 (AIW68620.1) 3 b-lactamases confirmed that pJRD20 encodes TEM-1.
A total of 29 direct repeats are present in pJRD20 (13 on the forward strand and 16 on the reverse strand; Table 1 ). The longest direct repeat is 43 bp, followed by two 27 bp repeats, one 22 bp repeat and two 21 bp repeats. The remaining repeats are .20 bp long. Furthermore, 27 inverted repeats are present in pJRD20. pJRD20 carries 38 ORFs (both strands) with a minimum of 50 amino acids (150 nucleotides; Table 1 ). Functions were assigned to the putative ORFs by searching the NCBI protein database using Blast2GO. ORFs were annotated as DNA strand transferase (2194-686 bp), recombinase (487-2 bp), TEM-1 (5398-4535 bp), replication protein (3169-4227 bp), transposase for transposon Tn3 
The 6 bp deletion leads to a truncated 24 kDa TEM-1 S-ATG b-lactamase with altered penicillin-binding properties
In silico examination of the pJRD20 bla TEM-1 coding sequence indicated that bla TEM-1 could be translated into two different truncated proteins (i.e. TEM-1 S-ATG and TEM-1 S-GTG ; Figure 2 , Table S1 ). In option one, the first 65 N-terminal residues would be eliminated from TEM-1 (i.e. TEM-1 S-ATG ; Figure 1b ) and the start codon for translation in bla TEM-1 would be an ATG 663 bp downstream (Figure 2a) . In option two, 28 residues would be deleted from the N-terminus, with a start codon of GTG (Figure 2b; i.e. TEM-1 S-GTG ). Molecular docking studies of the proposed truncated proteins with penicillin indicated altered protein-ligand interactions for both truncated proteins as compared with TEM-1. In the case of pJD5, the penicillin ligand binds to the TEM-1 serine active site with a binding energy (a lower value indicates stable binding) of -6.14 and an inhibition constant (the stronger the protein-ligand interaction, the lower the inhibition constant) of 31.75 mM (Figure 3a) . In the case of the proposed truncated TEM-1 S-ATG of pJRD20, the penicillin ligand would bind at the allosteric site with a binding energy and inhibition constant of #5.74 and 61.98 mM, respectively (Figure 3b) . The proposed truncated TEM-1 S-GTG would have a binding energy and inhibition constant of -5.3 and 130.52 mM, respectively (Figure 3c ). These results indicated that TEM-1 S-ATG would produce a protein with more stable binding with its ligand. Therefore, we hypothesized that TEM-1 S-ATG was produced from pJRD20.
Confirmation of production of a 24 kDa TEM-1 S-ATG b-lactamase by western blot and MS analyses
Western blot analysis showed that a truncated protein of 24 kDa (Figure 4 , i.e. TEM-1 S-ATG ) was produced by pJRD20, as predicted if the downstream ATG start site was used (Figure 4) . The TEM-1 blactamases produced by pJD4 and pJD5 were 32 kDa, corresponding to the WT gonococcal TEM-1 b-lactamase size. These results were confirmed by MS. TEM-1 S-ATG (24 kDa) was produced by pJRD20, whereas TEM-1 (32 kDa; WT) was produced by pJD5 (Table S1 ). The main difference in the peptide sequences of TEM-1 (32 kDa) and TEM-1 S-ATG (24 kDa) is in the N-terminal sequence region between amino acids 1 and 65, which are missing from the latter ( Figure S1 ). Four tryptic peptides identified from that region were present in the protein band excised from TEM-1 (32 kDa) and absent in the protein band excised from TEM-1 S-ATG (24 kDa; Table 2 ). All other tryptic peptides identified in the TEM-1 S-ATG (24 kDa) were identical to those identified in TEM-1 (32 kDa) between amino acids 70 and 290. The DNA sequence of pJRD20 was compared with the nucleotide sequences of other N. gonorrhoeae b-lactamase-producing plasmids. c Direct and inverted repeats in pJD5 and pJRD20 nucleotide sequences were analysed using RepEx software. The LC-MS analysis of the hydrolysis assay showed that ampicillin degradation by pJRD20 TEM-1 S-ATG was slow as compared with that of pJD5 TEM-1 (Table 3 ; Figure S2 ). While pJD5 TEM-1 hydrolysis of ampicillin was instantaneous, even partial hydrolysis (50%) by pJRD20 TEM-1 S-ATG took up to 6 h (Table 3 ; Supplementary Results). N. gonorrhoeae F62 transformed with pJRD20 took upwards of 6 h for b-lactamase production, as measured by the ampicillin hydrolysis assay (Table 3 ; Figure S2 ) and nitrocefin degradation.
Discussion
A novel b-lactamase-producing plasmid, pJRD20, from N. gonorrhoeae strain 8903 was sequenced and assembled. This plasmid was found to be identical to the Africa-type plasmid, pJD5, from N. gonorrhoeae, except for a 6 bp deletion starting at the G of the ATG start codon of bla TEM-1 An intermediate MIC of penicillin and slow hydrolysis of ampicillin were characteristic of N. gonorrhoeae 8903. Functional analysis of the putative ORFs of pJRD20 indicated their involvement in biological functions such as DNA-directed DNA polymerase, lyase, b-lactamase and recombinase activities. Similar to pJD5, the Africa-type plasmid, pJRD20 has one replication protein, indicative of one origin of replication (ori1).
2 Previous research 2 indicated that pJD4, the Asia-type plasmid, contains three distinct origins of replication (ori1, ori2 and ori3), whereas pJD5 has a single origin of replication (ori1).
We hypothesized that the 6 bp deletion starting at the G of the ATG start codon of bla TEM-1 in pJRD20 altered the final protein structure. This novel deletion led to the formation of a truncated TEM-1 (TEM-1 S-ATG ) with an alternative ATG start site. In screening TEM-1 S-ATG from pJRD20 against all listed TEM b-lactamases, we determined that the 6 bp deletion has not been reported previously. Based on our molecular modelling and docking studies, we proposed that the 6 bp deletion in pJRD20 bla TEM-1 would lead to the loss of critical residues from the N-terminus but not the active site of the truncated TEM-1 S-ATG (Figure 2 ). This would alter the penicillin-binding pattern of the protein. This hypothesis was supported by western blot and MS analyses, which indicated that a 24 kDa truncated protein (i.e. TEM-1 S-ATG ) is produced by pJRD20. Furthermore, b-lactamase hydrolysis assay confirmed the slow hydrolysis pattern of ampicillin. This is the first report confirming that a 6 bp deletion starting at the G of the ATG start codon of bla TEM-1 shifted the start codon to an alternative downstream ATG in N. gonorrhoeae. The examined truncated protein has a traditional ATG start codon and better 42 and folC (folylpolyglutamate synthetase-dihydrofolate synthetase) 43 genes with alternative downstream GTG start sites were constructed to measure the expression of the respective truncated proteins. These genes were translated into two proteins, a fully mature product encoded from an 'ATG' start codon and a truncated form encoded from a downstream in-frame 'GTG' start site. Truncated proteins in these studies showed varying functionality as compared with the mature protein. Rodas et al. 44 reported that the translation of N. gonorrhoeae narE from a downstream GTG codon resulted in a truncated protein carrying a 49 amino acid deletion at the N-terminus. NarE shared 100% similarity with the NarE of N. meningitidis (protein translated using an ATG start codon). Furthermore, alternative downstream ATG start sites can be used to form truncated proteins. 45, 46 Loh et al. 45 described the formation of one mature NolA 1 and two N-terminally truncated functional proteins (NolA 2 and NolA 3 ) from nolA, thereby describing translation using three different ATG start codons in Bradyrhizobium japonicum. The TipA S (144 amino acids) is translated from an alternative ATG start site within tipA in Streptomyces lividans. 46 Ours is the first report of a truncation in TEM-1 b-lactamase with an alternative ATG start site downstream of the original start site in N. gonorrhoeae.
b-Lactamase is exported through the cytoplasmic membrane into the periplasm using its N-terminal signal peptide. 47 In E. coli deletion mutants lacking the TEM signal sequence, the 'RTEM' blactamase was maintained in the cytoplasm but not secreted. 48 The excision of the signal sequence had no effect on the catalytic activity of 'RTEM' b-lactamase. 48 A 28 kDa truncated TEM-1 lacking its signal sequence was constructed to study protein export in a mutant strain of M. tuberculosis, and b-lactamase activity was detected using nitrocefin. 49 b-Lactam resistance was conferred when this truncated bla TEM-1 was fused with either Sec or Tat export signal sequences. 49 In the present study, the slow b-lactamase activity and protein expression detected using western blotting indicated that pJRD20 is producing a 24 kDa truncated TEM-1 S-ATG . We suggest that the truncated TEM-1 S-ATG (lacking the signal peptide) remains mostly in the cytoplasm, resulting in the loss of export to the periplasm and delayed hydrolysis of penicillin/ ampicillin. Interestingly, this isolate did not possess elevated resistance to penicillin, typical of b-lactamase-producing gonococci. However, further research will confirm whether the truncated protein is present in the cytoplasm or uses a novel mechanism to be exported across the membrane. Alternatively, the TEM-1 S-ATG b-lactamase may be released from gonococci upon cell lysis.
In conclusion, we identified and characterized an Africa-type pJD5 variant plasmid, Canada-type pJRD20, with a 6 bp novel deletion starting at the G of the ATG start codon of bla TEM-1 . The plasmid showed an intermediate MIC of penicillin and slow b-lactamase production. In silico analysis showed the effects of the 6 bp deletion on the 3D TEM-1 structure and penicillin-binding patterns. Western blot and MS analyses confirmed the production of a truncated TEM-1 S-ATG sequence. This study highlights the importance of extended monitoring for b-lactamase activity when using nitrocefin, as these slow b-lactamase-producing PPNG strains could easily be overlooked. Findings of novel plasmids harbouring bla TEM variants, such as pJRD20, are of critical importance for the proper control and management of global antibiotic resistance in N. gonorrhoeae. 
